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ABSTRACT: The [URE3] prion is a self-propagating amyloid form of the Ure2 protein ofSaccharomyces
cereVisiae. Deletions in the C-terminal nitrogen regulation domain of Ure2p increase the frequency with
which the N-terminal prion domain polymerizes into the prion form, suggesting that the C-terminus
stabilizes the prion domain or that the structured C-terminal region sterically impairs amyloid formation.
We find by in vivo two-hybrid analysis no evidence of interaction of prion domain and C-terminal domain.
Furthermore, surface plasmon resonance spectrometry shows no evidence of interaction of prion domain
and C-terminal domain, and cleavage at a specific site between the domains frees the two fragments. Our
NMR analysis indicates that most residues of the prion domain are in fact disordered in the soluble form
of Ure2p. Deleting the tether holding the C-terminal structured region to the amyloid core does not impair
prion formation, arguing against steric impairment of amyloid formation. These results suggest that the
N-terminal prion domain is unstructured in the soluble protein and does not have a specific interaction
with the C-terminus.

The nonchromosomal genes [URE3] and [PSI] ofSac-
charomyces cereVisiae are infectious proteins (prions) of
Ure2p and Sup35p, respectively (1). Similarly, the [Het-s]
nonchromosomal gene is a prion of the HET-s protein of
the filamentous fungusPodospora anserina(2). Each of these
systems is based on the formation of a self-propagating
amyloid form of the respective protein (3-9, reviewed in
ref 10). In each protein, a limited part of the molecule
comprises a domain that is necessary and sufficient for the
prion properties of the molecule (11-14). In the case of
Ure2p and the HET-s protein, the prion domain roughly
corresponds to the amyloid core of the molecule (14, 15).
The maximal Ure2p prion domain comprises residues 1-89,
but residues 1-65 are sufficient for high-efficiency prion
induction in vivo (12) and transmission of [URE3] without
the C-terminal domain (16) and constitute the amyloid core
that is resistant to high levels of proteinase K (15).

For Ure2p and Sup35p, deletion of regions outside the
prion domain results in marked elevation of the prion-
inducing activity of the prion domain itself (12, 17).
Deletions or mutations outside the HET-s protein prion
domain have likewise been shown to dramatically affect
prion generation in vivo and amyloid formation in vitro (14,
18). This has led to the suggestion that the prion domain
interacts with the remainder of the molecule and that this
interaction stabilizes the prion domain and prevents its
conversion to the prion form (12, 14, 17). An earlier two-
hybrid analysis of parts of Ure2p was complicated by

activation activity of the C-terminal domain alone (19),
apparently by recruiting Gln3p (20). Nonetheless, the results
showed an interaction of Ure2p1-152 with Ure2p152-354 (19).
This result is consistent with interaction of the prion domain
(Ure2p1-89) with the C-terminal fragment (Ure2p95-354), but
might be an interaction of two parts of the C-terminal
domain.

The Ure2p prion domain has been shown to be relatively
protease-sensitive in the soluble form (15, 21), and dena-
turation studies showed no stabilization of the molecule
attributable to the prion domain (21-23). These results are
inconsistent with a strong structure of this part of the
molecule but do not imply the absence of structure.

Ure2p homologues from a number of yeasts and fungi have
highly conserved C-terminal domains and could carry out
the nitrogen regulation function of Ure2p ofS. cereVisiae
(24). The N-terminal domains were not as highly conserved,
though most were rich in asparagine and glutamine residues.
Within the N-terminal domain was a region, approximately
residues 10-39, that was quite well conserved amongS.
cereVisiae, Ashbya gossypii, Candida kefyr, Candida gla-
brata, and Candida lactis(24). It was suggested that this
conserved region might interact with the C-terminal domain,
particularly since overexpression of this region inhibited the
nitrogen regulation function of Ure2p in a [ure-o] strain (24).

With several lines of evidence suggesting interaction of
the Ure2p N-terminal prion domain and its C-terminal
functional nitrogen regulation domain, we undertook several
direct approaches to examine this issue. In each case, we
find no evidence for such an interaction.

MATERIALS AND METHODS

Plasmid Construction.Fragments ofURE2corresponding
to the N-terminal prion domain (URE21-80), the C-terminal
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nitrogen regulation domain (URE2 81-354), or the full-
length open reading frame (URE21-354) were cloned as
in frame fusions to either the Gal4p activation domain or
Gal4p binding domain vectors pGADT7 and pGBKT7
(Clontech). Activation and binding domain fusions were
constructed by PCR amplification ofURE2 1-80, URE2
81-354, andURE2 1-354 with primers 1-80Eco•f (5′-
tacgtagaattccatgatgaataacaacggcaacc-3′), 1-80Bam•r (5′-
acctggggatcctcaggtattcttgatattattctcgttatc-3′), 81-354Eco•f
(5′-tactgagaattccttagaacaacatcgacaacaac-3′), and 81-354Bam-
R (5′-accttgggatcctcattcaccacgcaatgccttg-3′) using plasmid
pMP45 (2 µm HIS3 PADH1 URE2) as template. Primers
1-80Eco•f and 1-80Bam-r were used to amplifyURE2
1-80. Oligonucleotides 81-354Eco•f and 81-354Bam-r
were used to amplifyURE2 81-354. Oligonucleotides
1-80Eco•f and 81-354Bam•r were used to amplify the
full-lengthURE2construct,URE21-354.EcoRI andBamHI
restriction sites, underlined in the above primer sequences,
were added to theURE2 constructs during the PCR
amplification reactions. The PCR constructs were cut with
EcoRI and BamHI and ligated into EcoRI/BamHI cut
pGADT7 or pGBKT7 to generate the Gal4p-URE2plasmids.

Expression of Ure2p or fragments thereof inEscherichia
coli for NMR1 studies was from pKT41-1 (15), pKT51 (His6-
DDDDK-Ure2p66-354, gift of Kimberly Taylor), and pUB9,
the latter constructed by amplification of the required region
of the URE2 gene using polymerase chain reaction with
primers 5′-tatactcgagtcattcaccacgcaatgcc-3′ and 5′-attacatat-
gcatcaccatcaccatcacagtcacgtggagtattcc-3′. The PCR product
was cloned into pET17b using theNdeI andXhoI restriction
sites.

The construction of full-length Ure2p containing a factor
Xa proteolytic site was performed as follows. First,URE2
was cloned into the pFLAG (Kodak)E. coliexpression vector
by cutting pMP20 (CEN LEU2 PGal1URE2) with NotI and
XhoI and ligating the insert intoNotI/XhoI digested pKT 55
(15) generating plasmid pMP56. The AGA codons at
positions 253 and 254 were changed to CGT using the
QuikChange site-directed mutagenesis kit (Stratagene) with
primers KT044 (5′-cggatgaggttcgtcgtgtttacggtgtag-3′) and
KT045 (5′-ctacaccgtaaacacgacgaacctcatccg-3′) generating
plasmid pMP62. The AGA to CGT mutations have previ-
ously been shown to improve expression of Ure2p inE. coli
(24a). An insertion of two amino acid residues (IE) following
amino acid 63 was constructed using the QuikChange
mutagenesis kit and primers URE2•65FXf (5′-caaaacaataa-
cagcatcgaaggccgcaatggtagc-3′) and URE2•65FXr (5′-gc-
taccattgcggccttcgatgctgttattgttttg-3′) yielding plasmid pMP77.
This plasmid encodes a His6-tagged Ure2p (Ure2p65FX) with
a factor Xa proteolytic site (IEGR), which is cleaved by the
factor Xa protease following Arg65.

URE2∆71-95, lacking the tether region, was constructed
by PCR amplification from aURE2plasmid template with
oligos 143 (5′-acaataacagcggccgcaatggtagccaaaatcacgtgga-
gtaggccaga-3′) and 134 (5′-caaattcgggggccctatgtt-3′), diges-
tion with ApaI and NotI, and insertion into p588 cut with
the same enzymes forming p1033. To integrateURE2∆71-
95, URE2∆71-95 as aBamHI/XbaI fragment from p1033
was ligated intoBamHI/XbaI digested p1013 (CEN LEU2

PURE2) generating p1038. Next, 50µg of p1038 was digested
with NheI and XbaI and the 3.4 kb insert containing the
URE2promoter andURE2∆71-95open reading frame was
gel-purified. Ten micrograms of the gel purifiedNheI/XbaI
fragment was transformed into strain YMT1 (MATR ura2
leu2 ure2::G418 PDAL5CAN1). Integrants were selected on
SC-Arg+ canavanine (66µg/mL) and tested for sensitivity
to the antibiotic G418. The integration ofURE2∆71-95was
confirmed by colony PCR analysis using primer pairs to
determine both the presence of theURE2∆71-95 construct
and the absence of the G418 selectable marker present in
the parent strain YMT1.

Protein Expression and Purification.Expression and
purification of Ure2p-65FX was performed as previously
described (15). Protein was purified in one step on a nickel-
NTA Superflow column (Qiagen). Following elution from
the column, the protein was immediately frozen in liquid
nitrogen and stored at-80 °C.

Expression of15N-labeled proteins was from the following
vectors: Ure2p from pKT41-1, Ure2p66-354 from pKT51,
Ure2p95-354 from pUB9.E. coliBL21(DE3) transformed with
the respective plasmid was grown at 37°C in M9-medium
supplemented with15NH4Cl and 50µg/mL ampicillin to an
OD ≈ 1, and then IPTG to 1 mM was added. The cells were
incubated for another 4 h and then harvested by centrifuga-
tion, taken up in 50 mM NaPO4, 300 mM NaCl, pH 8.0
(buffer A), and lysed by high pressure. Extracts were then
cleared by high-speed centrifugation at 40 000g for 1 h, and
supernatants were loaded onto a NiNTA column, washed
with 10 column volumes of 20 mM imidazole in buffer A,
and eluted in one peak with 250 mM imidazole in buffer A.
Exact sequences for the three constructs are as follows:
KT41-1, MHHHHHHMYPRGN-Ure2p1-354; KT51, MH-
HHHHHDDDDK-Ure2p66-354; UB9, MHHHHHH-
Ure2p95-354.

Purified proteins were concentrated in Centricon (Milli-
pore) and dialyzed against the NMR buffer (20 mM NaPO4,
100 mM NaCl, pH 7.0) overnight. Any aggregated protein
was removed by centrifugation, and 5% (v/v) D2O was added
before measurement to have a frequency lock signal for the
NMR instrument.

For surface plasmon resonance, His6Ure281-354 was puri-
fied using pKT50 (gift from Kimberly Taylor) as previously
described (15) by nickel-NTA chromatography and im-
mediately frozen in liquid nitrogen and stored at-80 °C.
The prion domain was Ure2p1-89 with Gln89 changed to
cysteine to facilitate immobilization to the biosensor (gift
of Todd Cassese). Ure2p1-89Cys was purified under denatur-
ing conditions to prevent aggregation. Briefly,E. coli BL21
in 1 L of LB media containing 0.1 mg/mL ampicillin was
grown to OD550 ) 1 and induced by the addition of IPTG to
1 mM. The cultures were grown for an additional 4 h before
harvesting. Five grams of cells was suspended in 30 mL of
buffer A (0.1 M sodium phosphate, 0.01 M Tris, 6 M
guanidine hydrochloride, pH 8.0) and lysed by passing two
times through a French pressure cell. The cell lysate was
centrifuged at 12 000 rpm for 15 min to remove insoluble
material. Next, 3 mL of nickel-NTA resin (Qiagen) equili-
brated in buffer A was added to the supernatant and gently
mixed for 30 min at 25°C. The slurry was centrifuged for
1 min at 500 rpm and washed with 20 mL of buffer A, 20

1 Abbreviations: NMR, nuclear magnetic resonance; HSQC, het-
eronuclear single quantum coherence; SPR, surface plasmon resonance.
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mL of buffer B (0.1 M sodium phosphate, 0.01 M Tris, 8 M
urea, pH 8.0), and 20 mL of buffer C (0.1 M sodium
phosphate, 0.01 M Tris, 8 M urea, pH 6.3). Protein was
eluted in two fractions with 6 mL of buffer D (0.1 M sodium
phosphate, 0.01 M Tris, 8 M urea, pH 5.9) and 6 mL of
buffer E (0.1 M sodium phosphate, 0.01 M Tris, 8 M urea,
pH 4.5). The majority of Ure2p1-89Cys was present in the
second fraction. Purified Ure2p1-89Cys was dialyzed over-
night in water. Following this step, most of the protein
consisted of an insoluble aggregate. The insoluble material
was recovered, washed two times with water, and dried in a
speed-vac centrifuge. For the SPR experiments, Ure2p1-89Cys
was initially solubilized in 8 M GdnHCl. Prior to im-
mobilization to the biosensor, the GdnHCl was adjusted to
6 M.

Surface Plasmon Resonance Biosensing.Biosensor experi-
ments were conducted with a Biacore X instrument (Biacore,
Piscataway, NJ). As a sensor surface, C1 chips (Biacore,
Piscataway, NJ) were used, which have a carboxylated
surface but not the usual flexible Dextran immobilization
matrix. Immobilization followed standard protocols for
covalent thioester coupling (25, 26). In brief, after cleaning
the chip surface by rinsing with low- and high-pH buffers,
the carboxyl groups were activated for 7 min with a mixture
of N-ethyl-N′-(3-dimethylaminopropyl)-carbodiimide hydro-
chloride andN-hydroxy-succinimide; ethylenediamine was
attached by 10 min exposure at 1 M concentration, pH 6.0,
followed by a 20 min incubation with sulfosuccinimidyl-4-
(N-maleimidomethyl)cyclohexane-1-carboxylate (Pierce, Rock-
ford, IL) dissolved in PBS at 2 mg/mL. The prion domain
of Ure2 (residues 1-89) expressed with a C-terminal cysteine
was cross-linked to the surface under denaturing conditions
at 1 mg/mL in 6 M guanidine HCl, pH 8.5, leading to a
signal increase of 800 response units (RU). The surface was
deactivated for 2 min with 0.1 M NaOH and rinsed with the
running buffer for the binding experiments, 10 mM HEPES,
pH 7.4, 150 mM NaCl, 3 mM EDTA, and 0.005% Tween
20. The surface in a second flow cell was treated identically
but without exposure to Ure2 to serve as a chemically similar
reference to approximate the signals from nonspecific binding
and buffer refractive index. After binding experiments, the
surface was regenerated with 6 M guanidine HCl. The
biosensor experiments were conducted at a temperature of
25 and 13°C.

NMR Measurement.HSQC (heteronuclear single quantum
coherence) NMR spectra were recorded with the standard
gradient- and sensitivity-enhanced pulse sequence (27). All
spectra result from addition of two sequentially recorded data
sets, where comparison between the individual data sets was
used to monitor the potential loss of signal resulting from
any sample precipitation or fibrillization during the NMR
measurements. NMR measurements were carried out at 20
(Ure2p) and 25°C (Ure2p66-354; Ure2p95-354) on a Bruker
DRX-600 NMR spectrometer operating at 14.1 T and
equipped with a cryogenically cooled triple resonance probe
head. The buffer for all proteins was 20 mM NaPO4, 100
mM NaCl, pH 7.0. Since NMR signals are linear with protein
concentration, it was possible, despite the differences in
concentration in the three measurements, to roughly scale
the spectra to each other (Figure 3). The NMR spectrum of
full-length Ure2p (0.023 mM) resulted from 224 transients
per complext1 increment for a total measuring time of 15 h.

Similarly, spectra recorded for Ure2p66-354 (0.49 mM) and
Ure2p95-354 (0.021 mM) resulted from 16 (Ure2p66-354) and
64 (Ure2p95-354) transients pert1 increment for total measur-
ing times of 1.1 (Ure2p66-354) and 4.3 h (Ure2p95-354). NMR
spectra were recorded as data matrices of 150× 1024
complex data points and apodized with squared 90°-shifted
sine bell windows prior to zero filling and Fourier transfor-
mation to yield a final digital resolution of 4.0 (15N) and 4.2
Hz (1H). All spectra were processed and analyzed with the
NMRPipe software system (28). The very limited solubility
and sample stability prohibited sequential backbone assign-
ment of the protein by standard 3D triple resonance NMR.

Yeast Two-Hybrid Assays.Gal4p activation domain (AD)-
URE2fusion and Gal4p binding domain (BD)-URE2fusion
constructs were cotransformed into strain AH109 (Clonetech)
and selected for growth on synthetic complete medium
lacking leucine and tryptophan (SC-Leu-Trp). Cotransfor-
mations were then serially diluted or streaked to single
colonies on SC-Leu-Trp-His or SC-Leu-Trp-His-Ade media
to test whether the variousURE2 constructs interact and
activate the expression of the Gal4p-regulated reporter
constructs (ADE2 andHIS3). The vectors pGADT7-T and
pGBKT7-53 (Clontech) encode Gal4p activation and binding
domain fusions of SV40 large T-antigen and p53, respec-
tively. An interaction between these proteins has previously
been described and is used as a positive control in the two-
hybrid assay for activation of theHIS3, ADE2, and lacZ
reporter genes (44) As a negative control, the vector
pGBKT7-lam (Clontech) encoding the human lamin C
protein fused to the Gal4p binding domain was cotransformed
with pGADT7-T. These proteins do not interact in the two-
hybrid assay.

Activation of the lacZ reporter construct was tested by
measuringâ-galactosidase activity in extracts of AH109
cotransformants. In strain AH109, thelacZ reporter is under
the control of the weak promoter ofMEL1, the endogenous
R-galactosidase ofS. cereVisiae. To detectlacZ activity, we
used the more sensitive substrate chlorophenol red-â-D-
galactopyranoside (CPRG) rather thano-nitrophenol-â-D-
galactopyranoside (ONPG). Briefly, cotransformants were
grown in liquid SC-Leu-Trp to OD600 0.5-0.8. Cultures were
centrifuged for 30 s in a microcentrifuge and resuspended
in buffer 1 (100 mM HEPES, 150 mM NaCl, 2 mM
L-aspartate hemi-Mg salt, 10 mg/mL bovine serum albumin,
0.0005% Tween 20, pH 7.3). Cell extracts (0.1 mL) were
prepared by freezing cultures in liquid nitrogen for 1 min
followed by thawing for 1 min in a 37°C water bath. Three
freeze/thaw cycles were performed to ensure complete cell
lysis. Enzyme assays were initiated by the addition of 0.7
mL of 2.2 mM CPRG in buffer 1. ThelacZ activity is
indicated by the hydrolysis of the substrate CPRG generating
a yellow to red color change. After sufficient color develop-
ment, enzyme assays were terminated by the addition of 0.5
mL of 3 M ZnCl2, and the absorbance at 578 nm was
recorded.â-Galactosidase activity is reported as Miller units
where units are 1000× OD578 per minute per OD550 of cells.

[URE3] Induction.Strains YHE711 (MATa ura2 leu2)and
MP174 (MATa ura2 leu2 URE2::URE2∆71-95PDAL5CAN1)
were transformed with plasmids overexpressing eitherURE2
(YEp351G-URE2) orURE2∆71-95 (YEp351G-URE2∆71-
95) under the control of the inducibleGAL1promoter. Ten
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transformants were mixed, resuspended in water, and plated
on SGal (2%), raffinose (1%),-leucine dropout plates (SGal-
Leu). Plates were incubated at 30°C for 3 days and dilutions
of 107, 106, 105, and 104 cells were plated onto synthetic
dextrose medium with ureidosuccinate (USA) (33µg/mL).
Plates were incubated at 30°C and USA+ colonies were
counted after 5 days.

Proteolytic Digests.Control experiments indicated that
Ure2p65FX is completely digested into fragments consisting
of residues 1-65 and 66-354 following incubation at room
temperature with 2 units of recombinant factor Xa (Novagen)
for 2 h. Digests were scaled up to 250µL reactions
containing 50µg of Ure2p-65Fx and 2 U of recombinant
factor Xa in buffer A (50 mM Tris, 100 mM NaCl, 5 mM
CaCl2, pH 8.0). Identical reactions that did not contain the
protease were included as controls. After a 2 h incubation
at room temperature, the protease was removed from the
digestion by adding 250µL of Xarrest agarose (Novagen)
equilibrated in buffer A. The digest-slurry mix was added
to a 2 mLspin column and incubated at room temperature
for 5 min. The reactions were centrifuged at 1000g for 5
min to remove the cleaved protein from the captured
protease. Following the removal of the protease, aliquots of
the digestion were analyzed by SDS- and native-PAGE.

RESULTS
Two-Hybrid Analysis.To test for possible interaction of

the Ure2p prion domain and nitrogen regulatory domain, we
first used the yeast two-hybrid system. One protein fragment
is fused to the activation domain of the Gal4p transcription
factor, while the other fragment is fused to the Gal4p DNA-
binding domain. Activation ofGAL promoters is only
observed if the two protein fragments interact, bringing
together the parts of Gal4p (29). As previously reported (19),
linkage of the full-length Ure2 protein or the C-terminal
domain to the Gal4 binding domain produced activation even
with the activation vector alone (Figure 1), indicating that
the Ure2p C-terminal domain has activation activity.

With the prion domain (Ure2p1-80) fused to the Gal4 DNA
binding domain and the C-terminal domain (Ure2p81-354) or
the full-length Ure2p fused to the Gal4 activation domain,
no interaction was observed, either as growth on selective
media or asâ-galactosidase activity above background levels
(Figure 1).

Proteolytic Nicking Experiment.If the prion domain and
nitrogen regulation domain interact, a nick between these
regions might leave the two regions attached. We engineered
a site for the factor Xa protease by inserting amino acids
isoleucine and glutamic acid after Ure2p residue 63 produc-
ing IEGR, which is cleaved after the arginine (residue 65 of
normal Ure2p). Cleavage of the purified enzyme by protease
was complete, as judged by SDS polyacrylamide gel elec-
trophoresis (Figure 2). Native polyacrylamide gel electro-
phoresis showed that the fragments produced did not
comigrate, indicating that their mutual affinity was relatively
low (Figure 2).

Surface Plasmon Resonance.A sensitive method to detect
interactions between two components, surface plasmon
resonance involves attaching one component to a surface and
passing a solution of the other component over this surface.
Interaction of the dissolved component with the attached
component changes the refractive index in the immediate

vicinity of the surface, and this change is detected. It was
essential to fix the prion domain to the surface because it
otherwise would readily form amyloid. Ure2p1-80 with a
C-terminal cysteine residue was constructed to enable the
specific thioester coupling to a flat carboxylated surface in
the nonaggregated form. The steric constraints of the surface
immobilization in the absence of the customary flexible
matrix can be expected to prohibit aggregation. Exposure
of the surface-immobilized peptide with C-terminal fragments
(81-354) at concentrations between 0.01 and 1 mg/mL
generated signal offsets between 10 and 100 RU. However,

FIGURE 1: Two-hybrid analysis of prion domain and C-terminal
domain of Ure2p. Plasmids with the indicated fusions to the Gal4p
binding domain (BD, pGADT7) and activating domain (AD,
pGBKT7) were tested for activation of Gal promoters in strain
AH109 by growth of serial 10-fold dilutions (bottom to top) of
cells on the indicated media. Interactions are also assayed as
â-galactosidase (below). The interaction between the SV40 large
T-antigen and murine p53 has previously been reported (44) and
is used as a positive control for the activation of reporter gene
expression. The absence of reporter gene activation between the
noninteracting proteins human lamin C and SV40 large T-antigen
is used as a negative control.

FIGURE 2: Proteolysis in the tether region frees the prion domain.
Purified Ure2p with a factor X site between residues 65 and 66
was digested with factor X. Denaturing and nondenaturing poly-
acrylamide gel electropherograms are shown.
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the offsets were concentration-independent, indicating that
they result from nonspecific hydrophobic interactions with
the sensor surface that is imperfectly matched with the
reference surface (data not shown). As a positive control,
significant surface binding was observed with a polyclonal
antibody to Ure2p. To examine a possible temperature
dependence of the interaction by unfavorable entropic
contributions at 25°C, the binding experiments were repeated
at 13°C, but this again resulted in no detectable concentra-
tion-dependent binding.

NMR. Full-length Ure2p, Ure2p66-354, and Ure2p95-354

were examined by1H-15N HSQC NMR (Figure 3). Under
the conditions used, residues in unstructured parts of the
molecule are subject to large-amplitude, rapid internal
motions, which result in narrower, more intense resonance
peaks. Residues in structured parts of large molecules (Ure2p
is a homodimer of∼82 kDa) are much less mobile and
change their orientations relative to the magnetic field by a
rate determined by the overall rotational diffusion of the
homodimer. This results in rapid relaxation during the parts
of the experiment that transfer magnetization from1H to 15N
and back. As a result, both the integrated and maximum
intensities of the corresponding resonance peaks are vanish-
ingly low and they are not detected above background. The
observed peaks in the spectra (except the large peaks for
the glutamine and asparagine side chains) are distributed in
the “random coil region” for backbone amide hydrogens, HN

(from 7.85 to 8.46 ppm), and are quite intense and sharp,
indicating that the corresponding amino acid residues are
highly flexible.

We find six peaks in the spectral region where glycine
residues normally resonate (chemical shift for15N is around
110 ppm) in the full-length Ure2p (labeled in Figure 3). In
the expressed protein, there is one glycine in the N-terminal
tag, four glycine residues are found in Ure2p1-65 and one
(Gly67) in Ure2p66-94. After correction of neighboring
residue effects, their15N chemical shifts fall very close to
values predicted for glycine residues in random coil regions
(rmsd < 0.2 ppm) (30), allowing their tentative resonance
assignment. The peak tentatively assigned to Gly-2 in the
N-terminal tag (amino acids in the N-terminal tag are
assigned negative values) is very weak and disappears
completely upon saturation of the solvent signal (data not
shown), indicating that it is subject to rapid hydrogen
exchange. Rapid exchange is predicted for this residue due
to base-catalyzed exchange induced by its preceding arginine
residue (31), corroborating the chemical shift based assign-
ment. We find one glycine peak in the Ure2p66-354 spectrum
and no peak for Ure2p95-354. The position of the glycine
resonance remaining in the Ure2p66-354 spectrum coincides
with that of Gly67 (NGS) in the full-length Ure2p spectrum,
and its presence indicates that this region of the polypeptide
chain is highly flexible.

FIGURE 3: NMR analysis of Ure2p1-354, Ure2p66-354, and Ure2p95-354. 15N-1H-HSQC spectra for the uniformly15N-enriched proteins were
acquired at 600 MHz1H frequency. The upper panels show the backbone amide area of the spectra, where a considerable number (>70)
of sharp peaks can be seen for the full-length protein, but far fewer for the constructs missing the N-terminal prion domain. Peaks that
correspond to glycine residues are labeled with their tentative resonance assignments on the basis of their close proximity to15N shift
values predicted for “random coil” residues when accounting for nearest neighbor effects (30). The arrow in the full-length Ure2p spectrum
indicates the position of one weak glycine peak, just below the threshold level shown, and corresponds to Gly-2 in the N-terminal peptide
preceding Ure2p. The lower panels show the area of asparagine and glutamine side chains of the same spectra. Whereas the full-length
Ure2p shows a very strong signal for asparagine and glutamine side chains, the other constructs are markedly decreased.

Is Ure2p Prion Domain Unstructured? Biochemistry, Vol. 44, No. 1, 2005325



There are some very sharp peaks at15N shifts around 125
ppm in all three spectra that are mostly of low integrated
intensity. Such large15N shifts are commonly observed for
C-terminal residues, but only one common C-terminal residue
is expected for all three constructs and the observed peaks
are at different positions in each of the spectra, making this
interpretation less likely. We believe that these peaks
correspond to small amounts of proteolytic cleavage products.
For the Ure2p sample, the intensity of these resonances
increased between the two HSQC spectra recorded sequen-
tially, also pointing toward proteolysis. Indeed the prion
domain of Ure2p is known to be highly sensitive to trace
amounts of proteases (15, 21). The resonance peaks for
aspartic acid and glutamine side chains (15N shift ∼112 ppm
and NH shifts of 7.0 and 7.7 ppm) extensively overlap one
another and therefore are very strong in Ure2p and weaker
in Ure2p66-354 and Ure2p95-354, indicating that a large number
of asparagine and glutamine residues are flexible in full-
length Ure2p.

In total, we can count about 72 resolved backbone amide
peaks upfield of 125 ppm in full-length Ure2p. Clearly, as a
result of extensive overlap present in the spectrum, this is a
lower limit for the total number of flexible residues in the
protein. In an attempt to account for these buried peaks, we
integrated the total intensity in this region and normalized it
relative to the intensity of the resolved glycine residues.
Using this procedure yields 103( 15 unstructured residues
for full-length Ure2p and 21( 4 residues for Ure2p66-354.
Since only very few peaks are seen for Ure2p95-354, the
unstructured residues must be located almost entirely in the
prion domain and tether regions of Ure2p (about 90 residues
in all) and in the tag peptides (13 residues for full-length
Ure2p and 12 residues for Ure2p66-354).

The Tether.The data above suggest that there is no
interaction of the prion domain of Ure2p with the C-terminal
nitrogen regulation domain. How to explain the elevated
prion formation on deletion of segments of the C-terminal
domain? Conceivably, placement of the large C-terminal
domain around the central amyloid core interferes physically
with the assembly of filaments by the prion domain. This
model would predict that deleting the part of Ure2p between
the amyloid core (residues 1-65) and the structured C-
terminal domain (residues 95-354) should adversely affect
prion formation or propagation.

We therefore deleted Ure2p residues 71-95, a part of the
protein that is part of neither the GST-like structure of the
C-terminal nitrogen regulation domain nor the extremely
protease-resistantâ-sheet-rich amyloid core but connects
these two domains in the prion form.URE2∆71-95 was
both integrated at the normalURE2 locus from theURE2
promoter and expressed on a plasmid from theGAL1
promoter (Table 1). Ure2p∆71-95 was fully capable of
being a prion and showed, if anything, increased ability to
induce the prion form of Ure2p or Ure2p∆71-95 (Table
1).

DISCUSSION

In all of the prion proteins studied to date, a restricted
region forms the core of the amyloid structure and is
necessary for the prion properties of the molecule, but
mutations affecting prion generation are distributed through

most of the molecule. For Ure2p, Sup35p, and HETs,
deletion of the nonamyloid part of the molecule dramatically
increases prion formation in vivo and amyloid formation in
vitro (5, 6, 12, 14, 17). De novo prion generation has not
yet been shown experimentally for the TSEs (but see ref
32) but is presumed to be the basis for the “spontaneous”
and inherited cases of Creutzfeldt-Jakob disease (CJD). The
mutations producing inherited CJD are distributed throughout
the PrP molecule and are not restricted to the part that
acquiresâ-sheet structure in PrP-res (reviewed in ref33).
These results have been interpreted to mean that parts of
the molecule outside that forming the amyloid core interact
with and thereby prevent the prion domain from converting
to amyloid. However, previous studies have not determined
whether there is an interaction between N-terminus and
C-terminus of Ure2p (see introduction).

We have sought evidence of interaction of the N-terminal
prion domain and the C-terminal regulatory domain by a
variety of in vivo and in vitro methods. Our two-hybrid
results show no evidence of interaction between Ure2p1-80

and Ure2p81-354. Likewise, surface plasmon resonance data
indicates no interaction under the conditions used. Nicking
the prion domain results in the release of the fragment
N-terminal to the nick, again suggesting absence of interac-
tion.

Our NMR studies argue that the prion domain is largely
unstructured but do not rule out interaction of a few residues
with the C-terminus. Comparison of the spectra for the
different constructs clearly indicates that there are numerous
highly flexible amino acids in Ure2p that are largely reduced
in Ure2p66-354 and basically missing in Ure2p95-354. All
glycine residues in residues 1-95 appear to be flexible.
Counting individual peaks and estimating flexible residues
by integrating total intensity likewise support the conclusion
that most of this region is unstructured. However, it is
difficult to give an exact border between the flexible and
folded regions.

Our evidence that the Ure2p N-terminus is unstructured
recalls the native unstructured character of several other
amyloid-forming proteins, notablyR-synuclein (34). More-
over, the amyloid core of the HETs protein is, like that of
Ure2p, largely unstructured in its soluble form (14). The
protease-resistant core of the amyloid form, residues 218-

Table 1: Effect of Deleting the Tether Region (71-95) on [URE3]
Generationa

strain plasmid USA+ colonies/106 cells

YHE711 YEp351G 41
YHE711 YEp351G-URE2 5 300
YHE711 YEp351G-URE2∆71-95a 5 600
YHE711 YEp351G-URE2∆71-95b 3 200
MP174 YEp351G 61
MP174 YEp351G-URE2 6 800
MP174 YEp351G-URE2∆71-95a 19 000
MP174 YEp351G-URE2∆71-95b 23 000

a Strain YHE711 (MATa ura2 leu2) and strain MP174 (MATa ura2
leu2 URE2::URE2∆71-95 PDAL5Can1) were transformed with the
indicated plasmids and plated on SD-Leu dropout media for 3-4 days.
For each transformation, 10 colonies were selected, mixed in water,
and spotted onto Sgal (2%), raffinose (1%)- leucine media. Plates
were incubated at 30°C, and dilutions were plated onto SD+ USA.
USA+ colonies were counted after 5 days at 30°C. Plasmids YEp351G-
URE2∆71-95 a and b are two independent clones.
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289, overlaps only partially with the structured part of the
soluble form, residues 1-227. Although the structure of the
amyloid form of PrP (called PrPSc or PrP-res) is not clear, it
seems to form in large part by conversion of the unstructured
residues 90-120 of PrP toâ-sheet form (33). Thus, it seems
that the driving force for most prions is a change from an
unstructured form to amyloid, rather than a change from helix
to sheet, as it is often portrayed. The structured part of what
may become amyloid provides the energy barrier to prion
formation and propagation.

If the Ure2p prion domain does not interact with the
C-terminal functional domain, how are we to explain the
dramatic enhancement of prion formation on deleting parts
of the C-terminal domain? Packing of the C-terminal domain
around the amyloid core may restrict the formation of
filaments, explaining this effect. However, even modest
deletions of the C-terminus (eight amino acids), which have
negligible influence on the mass of the C-terminal appendage,
produce dramatic increases in prion formation (12). More-
over, we find that deletion of the tether region, Ure2p
residues 71-95, produces no decrease in prion formation.
If packing of C-termini were the factor restricting amyloid
formation, deletion of the tether would be expected to
enhance that effect.

Artificially connecting the two subunits to prevent mo-
nomerization of Ure2p is reported to prevent filament
formation (35). Although there is no correlation with the
location of the dimer interface, it is possible that the
mutations in the C-terminus that elevate prion formation do
so by destabilizing the dimer. Alternatively, the C-terminal
domain may bind to another protein that interacts with the
Ure2p prion domain. Ure2p is known to interact with Gln3p
in its nitrogen regulation activity (36-38, reviewed in ref
39), retaining Gln3p in the cytoplasm when a good nitrogen
source is available but releasing it otherwise. However,
[URE3] arises at the same frequency in cells grown on the
good nitrogen source ammonia as on the poor nitrogen source
proline. Chaperones play a prominent role in prion generation
and propagation (40, 41), including [URE3] (42, 43). It is
possible that mutations outside the Ure2p prion domain affect
prion generation in part by altering the interactions of the
protein with chaperones. Studies are underway to test these
possibilities.
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